We describe the further development and application of a dual-injection-seeded optical parametric oscillator and associated kHz-rate burst-mode pump laser for high-speed OH planar laser-induced fluorescence in unsteady flames. A detailed overview of the novel double-pulse configuration of the burst-mode laser is given, indicating the potential for use in systems where both high energy and high repetition rate are necessary. Dual-wavelength injection-seeded operation of the optical parametric oscillator is demonstrated and preliminary OH PLIF line switching in a well-characterized natural-gas/air laminar diffusion flame is presented. Applications to high-speed nearly-instantaneous background capture for the elimination of laser scatter and background contamination from polycyclic aromatic hydrocarbons in fuel-rich hydrocarbon flames are also discussed and preliminary data are shown. Lastly, the potential for high-speed two-line planar OH thermometry is described including advantages of utilizing the burst-mode laser and multi-wavelength OPO for simplifying high-speed experimental systems.
I. Introduction
IGH-speed turbulent flames exhibit turbulence-flame interactions on the order of 10-100 kHz requiring the use of novel high-speed laser systems for increased understanding of transient combustion phenomena. The OH radical is often used to mark the high temperature reaction zone in unsteady turbulent flames and has been used for studies of combustion chemistry and model validation in practical combustors. 1 OH planar laser-induced fluorescence (PLIF) has traditionally been limited to 10 Hz due to the low repetition rates associated with highenergy Nd:YAG lasers. Increased interest in high-speed combustion has led to recent developments in highrepetition-rate lasers and associated frequency generation schemes for OH PLIF but have been limited to 10 kHz with continuous image recording or 33 kHz for up to eight images. [2] [3] [4] [5] [6] Although these repetition rates are sufficient for resolving some transient combustion phenomena in internal combustion engines and typical turbine engine combustors, they fail to provide sufficient resolution for high-speed reacting flows. Recent advances in high-speed solid-state laser technology have led to the development of a new class of high-energy high-repetition rate Nd:YAG sources -burst-mode lasers. [7] [8] [9] These laser systems have shown enormous applicability to high-speed events where high-energy pulses are needed for either frequency conversion or collection-efficiency-limited techniques. Although these systems are currently limited to tens to hundreds of pulses due to both flashlamp-amplifier and camera technology, the potential for extension of these limits is feasible.
Of particular importance is the ability of the burst-mode systems to provide sufficient energy for pumping custom-built optical parametric oscillators (OPO). High-speed narrow-band injection-seeded OPOs have been developed for performing NO PLIF at rates up to 1 MHz and have recently been used for understanding turbulent transition in hypersonic boundary layer flows seeded with NO. [10] [11] [12] Simultaneously, a high-speed OH OPO has been developed and OH PLIF images have been obtained in unsteady flames at rates up to 50 kHz.
In the current paper, we report on the further development and application of a novel dual-wavelength injectionseeded OH OPO. Potential applications of this system are discussed including nearly-simultaneous two-line OH thermometry and PLIF signal and background capture for improved background subtraction in heavily-sooting flames. Additionally, the development of a double-pulsed burst-mode laser source is discussed which, in combination with the dual-wavelength injection-seeded OPO, offers the potential for high-repetition-rate operation.
II. Instrumentation Development

A. Multiple-Pulse Burst-Mode Laser
The multiple-pulse burst-mode laser is based on the design of Wu et al. 7 , although it incorporates several design elements of subsequent burst-mode laser systems described by several authors. [8] [9] [10] [11] [12] [13] [14] A schematic layout of the burstmode laser is shown in Figure 1 . A continuous wave (CW) Nd:YAG master oscillator at 1064 nm is focused into an acousto-optic modulator (AOM) with a 5-ns rise time (Brimrose GPM-400-100-1060). The AOM consists of an acoustic grating, created by a change in refractive index of the material due to induced sound waves in the crystal, thereby shifting a significant portion of the input laser light into the first diffracted order output. The induced grating can be quickly cycled on and off thus creating a high-speed optical switch with spatial discrimination. The CW light is blocked while the pulsed light in the first diffracted order is spatially filtered and then routed into a variable-width flashlamp-pumped amplifier. Unlike traditional Pockells Cell slicers which are used in many variations of the burst-mode laser, the unique capability of the temporal pulse-shaping method is the ability to arbitrarily control and customize the temporal output of the AOM. An arbitrary waveform generator (Tabor Electronics WW1281A) is used to produce customizable bursts of pulses with individual pulse-width durations as short as 10 ns full-width half-maximum (FWHM) and inter-pulse periods as low as 20 ns. While single pulses at a given repetition rate are useful in many situations, the ability to create bursts of non-uniformly spaced pulses and of varying duration allow novel approaches such as time-multiplexed two-line thermometry and background capture to be investigated. In the current work, a burst of pulse doublets separated by 1 μs with a doublet repetition rate of 50 kHz is amplified through a series of flashlamppumped amplifiers. The amplifier power supplies have a pulse duration of 1.5 ms and a maximum repetition rate of 4 Hz. Although the flashlamp duration is 1.5 ms, the gain profile of the amplifier is non-uniform and thus limits the usable window for burst amplification. The CW gain profile for the first amplifier, obtained by recording the irradiation of a CW beam passed through the amplifier, is shown in Figure 2 . Because of the non-uniform profile, the maximum burst duration is limited to less than 1ms and delays must be set between subsequent amplifiers in order to produce uniformly amplified pulse bursts. 10 The first, second, and third amplifiers are double-passed using a thin-film polarizer (TFP) and quarter waveplate combination. The doublepass configuration helps to significantly increase the gain for small signals. Additionally, the rotation of the polarization helps to diminish birefringent effects in the crystal due to the sidepump configuration of the amplifiers.
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A significant inefficiency in the amplification process is the generation of amplified spontaneous emission (ASE). This emission occurs as a result of the population inversion induced in the Nd:YAG crystal when no pulse is undergoing amplification. Due to the high gain, spontaneous emission will occur and experience amplification over the length of the amplifier. The ASE growth extracts potential energy from the population inversion thus reducing the achievable gain of each individual stimulated pulse. In order to reduce ASE growth, the Nd:YAG rods are wedged at 3° on each end and antireflection coated to prevent constructive reflection of the ASE back into the gain medium. Additionally, the amplified pulses are focused through a pin hole after the first amplifier which acts as a spatial filter to discriminate between the amplified pulses and the ASE which exhibits greater divergence. Although the high intensity ASE is removed, a low-energy background remains and continues to build through each amplifier stage.
After the first pass of the third amplifier, a phase-conjugate mirror (PCM) is incorporated. The PCM, which operates on the stimulated-Brillouin scattering (SBS) principle, is used as an energy-threshold filter. 10 A high index of refraction material is used as the medium in an 8 inch by 1 inch diameter UV fused silica tube with optical quality windows on each face. The laser light is focused into the medium and, once the electric field density reaches the SBS threshold of the medium, a phonon is inelastically scattered by the light. The interaction of the electric field with the acoustic field produces a conjugation in phase of the complex oscillating electric field, thus reversing the direction of the wavevector. Ultimately, high-energy pulses which reach the SBS threshold are reflected and amplified a second time by the third amplifier while the low-energy ASE pedestal passes through the PCM unaffected. Two different SBS media are used based on their threshold. A fluorocarbon, FC-75, is used when highpulse energies and low repetition rates are needed due to its high SBS threshold and high breakdown limit. For high repetition rates, including pulse doublets, where relatively low-energy pulses are present, CS 2 is used due to its low SBS threshold.
The fourth and fifth amplification stages are operated in a single-pass fashion to reduce the contributions of new ASE introduced into the system after the PCM. The gain of each amplifier stage is a function of the input energy and therefore limits the gain of each subsequent amplifier. Experimentally, the typical signal gain associated with amplifiers 1-5 are ~5000, ~150, ~30, ~7, and ~3 respectively. In general, as the repetition rate of the pulses increases, the energy of each pulse decreases as shown in Figure 3 on the next page. When operating under saturated gain conditions at low repetition rates (tens of kilohertz), the high-energy single pulses sufficiently deplete the gain such that subsequent pulses are limited in energy extraction to the integral of the rate of population inversion, governed by the time-dependent photon-transport equation, and the period between pulses. 15 Thus as the repetition rate increases, and therefore the period decreases, the available gain also decreases. As the repetition rate is increased, the SBS threshold of the PCM becomes a limiting issue in both the temporal uniformity and energy of each burst of pulses. As discussed previously, to ensure high energy contrast in each pulse burst and allow for temporal uniformity, CS 2 is used as the SBS liquid in the PCM. This allows for low-energy high-repetition-rate pulses to be reflected from the PCM, but also limits the maximum pulse energy to ~5 mJ with the current optical system due to the breakdown threshold of the CS 2 . The 5 mJ pulse energy is well below the maximum possible energy available at the PCM, and as a result, constant pulse energy can be maintained over a wide range of repetition rates by increasing the gain of the first two amplifiers as the repetition rate increases. Because the low-energy single pulse cannot extract all of the stored energy, some population inversion remains in the lasing medium after each pulse passes through the amplifier.
The energy extraction of the subsequent pulse is therefore not strictly limited to the period between pulses. Ultimately, the inclusion of the CS 2 PCM allows high pulse energy to be obtained at high repetition rates as shown in Figure 4 . In addition, because of the breakdown threshold of the CS 2 , the output energy remains fairly uniform for all repetition rates. However, the profile is dependent on the amplification sequence of the previous amplifiers and can be increased as is evident by the 200 kHz data point in Figure 4 .
Because the burst-mode laser operation is highly sensitive to changes in repetition rate and temporal burst uniformity, the output energy will vary for a given condition. In general, with CS 2 as the SBS liquid and operating in single-pulse mode, pulse energies as high as 145 mJ are possible at 1064 nm and 25 kHz resulting in ~ 75 mJ at 532 nm when frequency doubled using a Type II KTP second-harmonic generating crystal. In contrast, when FC-75 is used as the SBS medium, frequency doubled pulses as high as 100 mJ at 532 nm and 10 kHz are attainable.
Although the single-pulse mode is useful for high speed imaging and spectroscopy, the novel double-pulse burst mode is of particular interest in the current work. The double-pulse burst mode consists of a set of pulses, doublets, which occur at a user specified repetition rate and inter-doublet spacing. If the period of the given repetition rate is set to twice the inter-doublet period, a constant period with twice the set repetition rate is created. Because of the uniform spacing, the pulse energy is nearly uniform over the entire burst as discussed previously.
As the inter-doublet spacing is reduced, the energy of the first pulse of each doublet increases slightly. This is due to the increased time available for energy to be stored in the amplifier rod. In contrast to the first pulse, as the inter-doublet spacing decreases, the second pulse decreases in energy due to the reduce time available for the potential gain to be generated. If this were operated at high energy, the difference between the two pulses would be large and therefore not suitable for pumping an OPO. Since, however, the doublets are typically operated at low energy, the second pulse retains ~80% of the energy of the first pulse even for inter-doublet spacing on the order of 100 ns. Additionally, the contrast between the two pulses may be decreased by increasing the pulse width of the second pulse with the arbitrary waveform generator. A representative burst of ten doublets at 200 kHz with an inter-doublet spacing of 1 μs is presented in Figure 5 . Although there is decay in the doublet burst profile due to saturation effects in the amplifiers and the non-uniform gain profile, the second pulse of each doublet contains similar energy to the first pulse.
This allows for reasonably uniform pumping of the OPO. One approach for optimizing the burst uniformity is to incorporate additional amplifiers into the optical train. By adjusting the time delay between each additional amplifier, a uniform burst can be generated, although the effective gain of each amplifier is typically reduced to maintain uniformity.
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Although only pulse doublets are described here, the AOM and arbitrary waveform generator have been used to create pulse triplets and pulse quartets with inter-pulse spacing as low as 25 ns.
B. Dual-Wavelength Injection-Seeded Optical Parametric Oscillator
The dual-wavelength injection-seeded OPO used in the current work is based on a previously reported custombuilt OPO used for producing wavelength-tunable ultraviolet (UV) laser light for PLIF of the OH radical.
13, 14 The OPO is pumped by narrow-linewidth 532-nm light with vertical polarization as shown in Figure 6 . The pump pulse interacts with two phase-matched Barium Borate (BBO) crystals which are aligned to provide walk-off compensation. The crystals are angle tuned and produce output at the signal and idler wavelengths through nonlinear frequency generation, where the wavelength increases from pump to signal to idler. In the current study, the OPO signal is set to ~763 nm. The residual pump radiation from the single pass OPO is sum-frequency mixed in a third BBO crystal with the OPO signal at 763 nm to produce ~313.5 nm laser light. This corresponds to the P 2 (10) The BBO crystals are contained in a low-finesse cavity with a ~10% output coupler for the signal and idler wavelengths. The low finesse of the cavity allows a broad signal to be generated with relatively smooth modal features. The broadband OPO output exhibits a FWHM of ~1.5 nm at 763 nm corresponding to ~0.25 nm at 313.5 nm. This width is much larger than the width of a single rovibrational transition and therefore much of the energy will not interact with the OH molecule. In order to selectively target an individual transition, the OPO signal must be spectrally narrow producing narrowband UV radiation when mixed with the ~0.004 cm -1 narrow-linewidth pump residual at 532 nm. Because the OPO output follows the law of conservation of energy, the signal may be narrowed by injection seeding the OPO on either the signal or idler wavelength, or by introducing an optical dispersion element into the cavity such as a diffraction grating or etalon. 16 The injection seeding technique is relatively simple and is employed in the current study. Frequently, the choice of seeding on the signal or idler wavelength is restricted due to the availability of narrow-band diode lasers in the desired spectral region. In the current work, the OPO is injection seeded on the signal wavelength at 763 nm by one of two single-mode CW diode lasers (Toptica DL100 and/or Sacher Lasertechnik Cheetah).
The injection seed quality is a function of the finesse of the OPO cavity, where finesse is defined as the free spectral range of the cavity divided by the FWHM of each resonant mode. The finesse of the current OPO cavity with ~10% output coupler is measured to be ~2.5 with a free spectral range of 0.797 ± 0.004 GHz and agrees well with theoretically calculated values. The low-finesse cavity, obtained by using a high transmission output coupler, allows for wider resonant modes within the cavity, thus increasing the range of possible seed wavelengths while minimizing the need for active cavity stabilization. As a result, the injection seeding may be performed on multiple resonant modes within the acceptance bandwidth of the OPO which is bounded by the width of the OPO output. Dual-wavelength injection seeding with the use of two diode lasers can be performed concurrently during the active pump pulse or time multiplexed on separate laser pulses. [16] [17] [18] To date, dual-wavelength switching has been demonstrated by mechanically adjusting the phase matching angle of the BBO crystals (100 ms) or rapidly changing between two different injection-seed lasers using a fiber-optically-coupled optical switch (200 μs). 17, 18 For highspeed unsteady flows, switching times on the order of 1-10 μs are commonly needed to limit fluid movement during the switching, and are outside the range of the current methodology. In order to improve the switching time, two AOMs with 20 ns rise times (Brimrose TEM-110-25-830) are used to switch one of two injection-seed lasers on or off. Figure 7 shows spectral switching of the seed lasers along with the broadband OPO output which acts as the acceptance bandwidth. The switching is demonstrated with pump energy of 40 mJ and an inter-pulse period of 10 ms due to camera limitations. The seed quality is highly dependent on the seed energy and alignment into the cavity. 19 At high seed power, the OPO is easily narrowed and the finesse of the cavity has little effect, while at low seed power the OPO output becomes unstable and oscillates between narrow and broad spectral modes. In the current system, each seed laser is passed through an AOM with ~30% efficiency in the first order, combined with a 50/50 beamsplitter, injection seeded into the OPO output path using an optical isolator with ~80% transmission, and injected into the cavity through an ~90% transmissive output coupler resulting in an intra-cavity power of ~10% of the initial seed power. As a result of the low seed power in the cavity, the OPO operates in a pseudounstable mode with significant seeded and unseeded regions during the same pulse with an average seeded/unseeded ratio of 15.5 over 50 switching cycles. In addition, slight AOM leakage from the zeroth order into the first order causes a small seed signal during the off cycle on the same order as the broadband OPO output. These disturbances create difficulties when applying the Interestingly, when the seed lasers are simultaneously injection-seeded, not only does the OPO produce narrowband output at the seed laser frequencies, but additional side bands are seen at integer numbers of the seed laser difference and are shown in Figure 8 . The intra-cavity mixing is similar to that reported by Klingenberg et al. 20, 21 Possible applications of this intra-cavity mixing are accessing strong transitions near the edge or outside of the OPO acceptance bandwidth, or scanning over multiple lines since the generated side bands are directly related to the spacing of the injection seed lasers. Figure 8 is plotted against a log scale to highlight the weak side bands which also reveals the broad OPO output.
III. Demonstration and Theory
A. PLIF Background Capture
One advantage of the multi-line wavelength-switching PLIF technique is the ability to capture planar background signal and PLIF signal with an insignificant time delay (henceforth described as simultaneous). In many PLIF experiments, background contributions can be a limiting factor in determining quantitative temperature or species concentration with high accuracy. The ability to simultaneously capture the background and PLIF signal allows for simplistic background subtraction even in situations where the background is time-dependent. This can be particularly useful in hard-to-access experimental facilities such as internal combustion engines where laser scatter can severely distort PLIF images. Additionally, in locally fuel-rich regions of hydrocarbon flames, polycyclic aromatic hydrocarbons (PAH), which absorb broadly in the UV region, can produce spurious OH PLIF signal which is difficult to remove in quantitative temperature and/or OH concentration analyses. 22 Both of these issues can be minimized by utilizing a multi-line technique where one OPO output is centered on an OH transition, P 2 (10) , while the other is centered off an OH line.
(A) (B) (C) A demonstration of the switching technique in a fuel-rich natural gas flame is shown in Figure 9 on the previous page. A laminar natural-gas/air diffusion flame was stabilized over a Hencken Burner and run at a global equivalence ratio of 1.3. Due to camera limitations, the wavelength switching was performed with an inter-pulse spacing of 100 ms although switching as fast as 1 us has been demonstrated by the authors. Additionally, in order to characterize the OPO performance a commercially available dual-pulse Nd:YAG laser (Spectra Physics PIV 400) was used to pump the OPO with 40 mJ per pulse at 532 nm. Although the OPO was switched between a seeded mode and a broadband mode where OH was minimally excited, the ability to subtract laser scatter from the surface of the burner is clearly demonstrated. In addition, the background can be subtracted, although random high-intensity noise due to the large intensifier gain are noticeable in the single shot images.
B. Two-Line Thermometry Principles
A second application of the dual-wavelength switching, is the ability to perform high-speed and/or simultaneous planar thermometry with one double-pulsed laser using the laser-induced fluorescence ratio of two temperaturedependent OH transitions.
23-25 A recent study by Kostka et al. has shown that nearly-equivalent accuracy in the measurement of planar temperature by using either the ratio of two line-centers or line scanning may be obtained near equivalence ratios of one or greater, although line scanning is found to be more accurate under lean conditions.
26 While high-speed planar scanning of the P 2 (10) OH line in the (0,0) vibrational band has been demonstrated by the authors, in the current work high-speed wavelength switching is employed. 13 The range of possible transitions are limited to an ~0.25 nm region, centered at 313.5 nm, by the acceptance bandwidth of the OPO and are dictated by the availability of tunable diode lasers. This range is outside of the suggested criteria of Seitzman et al., 23 but the P 2 (10) and Q 2 (17) lines in the (0,0) vibrational band of the OH A-X electronic system appear best suited for this study.
To ensure maximum temperature sensitivity, one line should be chosen from the P branch (ΔJ = -1) and the other from the Q branch (ΔJ = 0) due to large differences in the ground state rotational quantum numbers in the wavelength region of interest.
Because high rotational quantum numbers are associated with the Q branch transitions in this region, a sufficient population for high signal-to-noise data may not be present at low temperatures. The P 2 (10) and Q 2 (17) transitions exhibit a nearly linear temperaturedependent ratio and appear best suited for two-line thermometry in the 1500K-2500K region based on the requirements detailed above. Unfortunately, the diagnostic may suffer from increased uncertainty at lower temperatures due to low signal. The peakmeasured temperature sensitivity, determined from LIFBASE 2.0.63 assuming constant laser irradiation and collection efficiency for each transition, is plotted in Figure 10 . 27 The P 2 (10) line is nearly temperature insensitive in the 1500-2500 K region and can therefore also provide a relative or quantitative analysis of OH species concentration. 28 As a result, the two line PLIF thermometry technique could also be used to perform simultaneous thermometry and species concentration if detailed knowledge of molecular collisions in the combustion environment is known.
IV. Conclusions
Advances in multi-pulse burst-mode lasers and high-speed dual-wavelength injection-seeded optical parametric oscillators are leading to novel high-speed spectroscopic and multi-line OH PLIF techniques. A double-pulsed burst-mode laser has been developed with inter-pulse spacing as low as 1 μs and pulse energy as high as 25 switching has been performed in a fuel rich hydrocarbon flame and the feasibility of performing two-line OH thermometry has been discussed.
